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summary 

In a fair s i z e d  group such as o u r s  s e v e r a l  p r o j e c t s  a r e  g e n e r a l l y  

going  on s imul t aneous ly .  Some o f  t h e s e  ex tend  o v e r  a l o n g  time and may 

be pursued  i n t e r m i t t e n t l y  whi le  o t h e r s  may y i e l d  a r a t h e r  immediate and 

c l e a r - c u t  answer. It t h e r e f o r e  may be  d i f f i c u l t  t o  e v a l u a t e  t h e  r e l a t i v e  

s i g n i f i c a n c e o f  t h e  v a r i o u s  programs d e s c r i b e d  i n  t h i s  r e p o r t .  

i n t r o d u c t i o n  might s e r v e  t o  p u t  t h i n g s  i n  p e r s p e c t i v e .  

T h i s  b r i e f  

A few p r o j e c t s  came t o  f r u i t i o n  d u r i n g  t h e  last  yea r .  The f i r s t  of 

t h e s e  concerns  t h e  p e c u l i a r  metabol ic  p a t h  o f  l i p i d  s y n t h e s i s  by c e l l  

f r e e  Euglena e x t r a c t s  s t u d i e d  by D r .  Cheniae. Two p u b l i c a t i o n s  r e p o r t i n g  

h i s  work a r e  i n  t h e  p r e s s T  two more a r e  coming f o r t h .  Another such  pro-  

j e c t  concerns  t h e  photo-oxida t ion  o f  cytochrome c ,  cytochrome f ,  and p l a s t o -  

cyan in  by c h l o r o p l a s t s  t r e a t e d  w i t h  d e t e r g e n t  o r  o t h e r  means so t h a t  o n l y  

one of  t h e  two pho to - reac t ions  is s u r v i v i n g .  T h i s  work has r e s u l t e d  i n  

one pape r  i n  t h e  p r e s s  and  one more t o  come. A t h i r d  s u b j e c t  which h a s  

been s t u d i e d  e x t e n s i v e l y  i s  t h e  r e s p i r a t i o n  d u r i n g  phOtOSyntheSiST s p e c i f i -  

c a l l y  t h e  exchange o f  oxygen. Th i s  s t u d y ,  for which a s p e c i a l  mass spectrom- 

e t e r  t echn ique  w a s  developed,  has  r e s u l t e d  i n  two s i g n i f i c a n t  p a p e r s  w i t h  

one or two more i n  p r e p a r a t i o n .  In t h e  f o r e s e e a b l e  f u t u r e  we w i l l  p u t  more 

emphasis  on t h e  carbon d i o x i d e  p a r t  o f  t h i s  problem s i n c e  p r e l i m i n a r y  d a t a  

have shown t h a t  t h e r e  is no s imple r e l a t i o n  between oxygen u p t a k e  and ou t -  

p u t  and carbon d i o x i d e  o u t p u t  and  uptake .  A f o u r t h  p r o j e c t  which w a 8  

b rough t  t o  a r e a s o n a b l e  end p o i n t  concerned t h e  a c t i v a t i o n  s p e c t r a  o f  the 
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r e d u c t i o n  of p y r i d i n e  n u c l e o t i d e  by c b J o r o p l a s t s .  A p u b l i c a t i o n  

concern ing  t h i s  work appeared r e c e n t l y .  A r e l a t e d  p r o j e c t  c o n s i s t e d  

o f  t h e  measurement o f  a c t i v a t i o n  s p e c t r a  o f  photophosphoryla t ion  

which w a s  r u n  c o n c u r r e n t l y  wi th  t h e  measurements of  TPN r e d u c t i o n  

b u t  which y i e l d e d  much more complex r e s u l t s .  Also t h e  r e s u l t s  o f  

t h i s  s tudy  w i l l  b e  p u b l i s h e d  soon. Our q u a n t i t a t i v e  s t u d i e s  of  t h e  

fast  photochemical EPR s i g n a l  made i n  c o l l a b o r a t i o n  w i t h  D r .  B e i n e r t  

have been summarized r e c e n t l y  i n  a f i n a l  paper .  

Some o t h e r  p r o j e c t s  are  p r e s e n t l y  i n  t h e  f o c u s  o f  a t t e n t i o n :  

Because of  d i f f i c u l t i e s  encountered i n  t h e  p u r i f i c a t i o n  and 

i s o l a t i o n  o f  phOtOCatdy6t  P700 from abundant s o u r c e 8  such  as s p i n a c h  

l e a v e s  o r  normal algae, f u t u r e  e f f o r t s  might i n c l u d e  d i f f e r e n t  approaches,  

f o r  i n s t a n c e ,  u s i n g  a r t i f i c i a l l y  produced algal mutants .  A t  p r e s e n t  

promis ing  r e s E l t s  are b e i n g  o b t a i n e d  i n  t h e  cont inued  s t u d i e s  on t h e  

two p h o t o r e a c t i o n s  of p h o t o s y n t h e s i s  and t h e  s i t e  o f  phosphoryla t ion .  

One p a p e r  on t h i s  s u b j e c t  was p u b l i s h e d  t h i s  y e a r ;  a n o t h e r  i s  i n  p r e s s .  

Cons iderable  work h a s  been done (and p r e s e n t e d  i n  a b r i e f  p a p e r )  d u r i n g  

t h e  l a s t  y e a r  on t h e  format ion  o f  an ATP h y d r o l y z i n g  enzyme which is 

made by l i g h t  i n  c h l o r o p l a s t s .  T h i s  work is st i l l  in p r o g r e s s  and 

now i n c l u d e s  t h e  p e c u l i a r  changes o f  c h l o r o p l a s t  s t r u c t u r e  accompany- 

i n g  t h e  p rocess .  Another p r o j e c t  on which much time i s  b e i n g  s p e n t  

concerns  t h e  f l u o r e s c e n c e  of  p h o t o s y n t h e t i c  material. E s p e c i a l l y  

i n  o u r  low tempera ture  s t u d i e s  we have observed s e v e r a l  i n t e r e s t i n g  

new phenomena. P r e l i m i n a r y  r e p o r t s  on t h e s e  d a t a  have been publ i shed .  

S t u d i e s  on t h e  i n h i b i t o r y  e f f e c t s  o f  s t r o n g  v i s i b l e  l i g h t  upon 

t h e  p h o t o s y n t h e t i c  a p p a r a t u s  a r e  b e i n g  pursued f u r t h e r  i n  t h e  hope 

o f  e l u c i d a t i n g  t h e  under ly ing  mechanism. 
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FUTURE RESEARCH PLANS 

We p l a n  a c o n t i n u a t i o n  of o u r  p r e s e n t  r e s e a r c h  program conce rn ing  t h e  

l i g h t  t r a n s f o r m a t i o n s  i n  pho tosyn thes i s .  The p r o g r e s s  r e p o r t s  con t inued  

i n  t h e  n e x t  s e c t i o n  may he13 t o  e l u c i d a t e  t h i s  program, though emphasis  

and d i r e c t i o n  m a y  change depending upon f u t u r e  p rogres s .  

I n  g e n e r a l  o u r  program i s  d i r e c t e d  towards an a n a l y s i s  o f  t h e  sen-  

s i t i z a t i o n  and i n t e r p l a y  between the  two p h o t o r e a c t i o n s ,  t h e  c h a i n  of 

o x i d a t i o n - r e d u c t i o n  s t e p s  and t h e  l O C U 6  o f  pho tophosphory la t ion .  

s p e c i f i c a l l y  o u r  program i n c l u d e s  t h e  f o l l o w i n g  t o p i c s :  

More 

(1) The p h o t o a c t i v a t i o n  o f  ATPase a c t i v i t y  and i t s  a s s o c i a t e d  

e f f e c t s  upon t h e  s t r u c t u r a l  p r o p e r t i e s  of  t h e  c h l o r o p l a s t ;  

(2) S t u d i e s  of f l u o r e s c e n c e  emis s ion  and r a t e s  o f  c h l o r o p l a s t  r e a c t i o n s  

i n  f l a s h i n g  i l l u m i n a t i o n  which a r e  aimed a t  a n a l y z i n g  t h e  p h o t o s y n t h e t i c  

u n i t  and t h e  manner by which absorbed l i g h t  is focussed  i n t o  t h e  r e a c t i o n  

c e n t e r s  o f  t h e  p h o t o a c t s ;  

( 3 )  Response o f  t h e  p n o t o s y n t h e t i c  a p p a r a t u s  t o  s t r o n g  l i g h t  i .e. t h e  

mechanisms r e s p o n s i b l e  f o r  r a t e  s a t u r a t i o n  and f o r  p h o t o i n h i b i t i o n ;  

(4)  F u r t h e r  c h a r a c t e r i z a t i o n  o f  t h e  c h l o r o p h y l l  complex P700 and i ts  

mode of  o p e r a t i o n  i n  t h e  e l e c t r o n  t r a n s p o r t  cha in ;  

( 5 )  Analys i s  of t h e  oxygen l i b e r a t i n g  system by k i n e t i c  s t u d i e s  

o f  n e t  r a t e  and i s o t o p i c  exchange; 

( 6 )  C l a r i f i c a t i o n  o f  t h e  requi rement  of  C02 f o r  c h l o r o p l a s t  r e a c t i o n s  

and i t s  p o s s i b l e  i m p l i c a t i o n s  f o r  t h e  pr imary  r e d u c t i o n  p r o c e s s  i n  whole 

c e l l s ;  

( 7 )  I n t e r a c t i o n s  between r e s p i r a t i o n  and p h o t o s y n t h e s i s ,  p o s s i b l y  

i n c l u d i n g  t h e  mechanisms by which ( c h l o r o p l a s t )  p h o t o ~ y n t h e s i s  d e c e l e r a t e s  and 

a c c e l e r a t e s  ( cy top la smic  o r  m i t o c h o n d r i a l )  r e s p i r a t i o n .  
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PROGRESS REPOST 

I. E f f e c t s  o f  S t r o n g  L i g h t  on P h o t o s y n t h e s i s  

One of o u r  programs d e a l s  w i t h  t h e  problems encountered  i n  c u l t i v a t i n g  

a l g a e  ( a s  w e l l  as h ighe r  p l a n t s )  i n  s t r o n g  l i g h t .  

shou ld  a l l o w  s m a l l e r  and more e f f i c i e n t  a l g a l  c u l t u r e s  f o r  s p a c e  f l i g h t  

b o t h  w i t h  s o l a r  and a r t i f i c i a l  i l l u m i n a t i o n .  S t r o n g  l i g h t  i s  used  

i n e f f i c i e n t l y  because p r e s e n t l y  a v a i l a b l e  algae show a r e l a t i v e l y  low 

l i g h t  s a t u r a t i o n  l e v e l  and a r e  moreover prone  t o  p h o t o i n h i b i t i o n .  So far 

our s t u d i e s  have been concerned with t h e  k i n e t i c s  and t h e  mechanism o f  

p h o t o i n h i b i t i o n  observed w i t h  i s o l a t e d  c h l o r o p l a s t s .  T h i s  material  a l l o w s  

a g r e a t e r  v a r i a t i o n  o f  r e a c t i o n  c o n d i t i o n s  than  whole a lgae .  

P r o g r e s s  i n  t h i s  area 

I n h i b i t i o n  by s t r o n g  v i s i b l e  l i g h t  i s  very similar t o  t h a t  by u l t r a -  

v i o l e t  r a d i a t i o n ,  a l t h o u g h  an a c c u r a t e  comparison o f  t h e  e f f e c t i v e n e s s  of 

t h e  two wavelength areas st i l l  i s  awa i t ing .  

Exposure t o  s t r o n g  l i g h t  proved t o  i n a c t i v a t e  all normal photo- 

chemical  a c t i v i t i e s  o f  f r e s h  c h l o r o p l a s t s  i n c l u d i n g  photophosphoryla t ion  

and t h e  r e d u c t i o n  o f  TPN i n  t h e  p - e s e n c e  of  reduced indophenol.  T h i s  

would i n d i c a t e  t h a t  b o t h  p h o t o r e a c t i o n s  a r e  des t royed  by p h o t o i n h i b i t i o n .  

However, a f t e r  d e t e r g e n t  t r ea tmen t  o f  p h o t o i n h i b i t e d  m a t e r i a l  one can s t i l l  

o b s e r v e  t h e  photo-oxida t ion  o f  cytochrome c and a c o n s i d e r a b l e  f r a c t i o n  

o f  P7OO which would i n d i c a t e  t h a t  t h e  " f i r s t "  phocosystem is s t i l l  i n t a c t .  

One o f  t h e  most t y p i c a l  e f f e c t s  of p h o t o i n h i b i t i o n  i s  a d e c r e a s e  o f  

f l u o r e s c e n c e  y i e l d  which s u g g e s t s  t h a t  l i g h t  i s  d r a i n e d  i n t o  t h e  t r a p p i n g  

c e n t e r s  b u t  n o t  converted.  So f a r ,  w e  have been unab le  t o  o b t a i n  a satis-  

f a c t o r y  e x p l a n a t i o n  f o r  t h e s e  o b s e r v a t i o n s .  The p e c u l i a r i t y  o f  t h e  

phenomena c e r t a i n l y  w a r r a n t s  f u r t h e r  s t u d i e s .  

I 
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11. L i p i d  Metabolism 

A .  I n v e s t i g a t i o n s  on l i p i d  metabolism i n  p h o t o s y n t h e t i c  or- 

ganisms is be ing  terminated.  

e x t r a c t s  o f  Euglena have reached a p o i n t  where t h e  major c o n c l u s i o n s  

o f  t h e  o r i g i n a l  s u p p o s i t i o n  have been a t t a i n e d .  One manuscript  is 

i n  p r e s s  (Biochim Biophys Acta) ,  a second h a s  been submi t ted  (Arch. 

S t u d i e s  on f a t t y  a c i d  s y n t h e s i s  w i t h  

Biochem) and two more are nea r  completion. The major c o n c l u s i o n  

t h a t  h a s  been reached is t h a t  long-chain f a t t y  a c i d  s y n t h e s i s  i n  

Euglena o p e r a t e s  by a mechanism d i f f e r e n t  from any r e p o r t e d  t o  da t e .  

The evidence t o  s u p p o r t  t h i s  conc lus ion  i s  p a r t i a l l y  summarized as 

fo l lows :  

1) F a t t y  a c i d s ,  predominantly s a t u r a t e d  of 10-20 carbon 

atoms, a r e  formed from acetyl-l-C14-CoA w i t h  60 t o  70 

p e r  cen t  of t h e  r a d i o a c t i v i t y  a s s o c i a t e d  wi th  f a t t y  

a c i d s  o f  16-20 carbon atoms; 

2) These a c i d s  are formed by a de novo p r o c e s s  as  i n d i c a t e d  

by r e s u l t s  of chemical d e g r a d a t i o n s  on t h e  a c i d s ;  

Requirements f o r  s y n t h e s i s  from ace t ~ l - l - C ~ ~ - C o A  i n c l u d e  

ATP, DPNH, TPEH and a d i v a l e n t  c a t i o n ;  

3) 

4) S t o i c h i o m e t r i c  s t u d i e s  i n d i c a t e  t h a t  f o r  each a c e t y l  u n i t  

i n c o r p o r a t e d  i n t o  long-chain f a t t y  a c i d s  one ATP and two 

reduced p y r i d i n e  n u c l e o t i d e s  are r e q u i r e d .  Th i s  s t o i c h i o -  

metry i s  similar t o  t h a t  o b t a i n e d  for t h e  malonyl- 

CoA pathway. The fo l lowing  exper iments  t o  i m p l i c a t e  t h e  

malonyl-CoA pathway have a l l  been n e g a t i v e :  (1) requirement  - 
for HCO ( 2 )  i n h i b i t i o n  by a v i d i n ;  (3)  demonst ra t ion  of 3 ,  



acetyl-coA carboxylase a c t i v i t y ;  and (4 )  i n c o r p o r a t i o n  

o f  malonyl-1 , 3-C14-CoA. 

To e x p l a i n  t h e s e  r e s u l t s  a mechanism i n v o l v i n g  t h e  phos- 

phoenolate  o f  acetyl-coA h a s  been proposed. Some theo -  

r e t i c a l  s u p p o r t i n g  evidence for such a compound is found 

i n  the l i t e r a t u r e .  Our exper imenta l  ev idence  f o r  t h e  

compound is sugges t ive .  

6 )  

B. I n  a d d i t i o n  t o  t h e s e  s t u d i e s  on f a t t y  a c i d  s y n t h e s i s  w i th  

e x t r a c t s  of Euglena we have cont inued o u r  i n v e s t i g a t i o n s  on t h e  

unique s u l f o l i p i d  o f  p h o t o s y n t h e t i c  t i s s u e .  K i n e t i c  s t u d i e s  on 

i n c o r p o r a t i o n  o f  S 3404 i n t o  c e l l u l a r  m a t e r i a l ,  i n c l u d i n g  s u l f o l i p i d ,  

have r e v e a l e d  t h a t  i n  15-second t o  30-minute exposure o f  C h l o r e l l a  

t o  S O4 under  p h o t o s y n t h e t i c  c o n d i t i o n s ,  t he  r a d i o a c t i v i t y  i n  t h e  

l i p i d  f r a c t i o n  c o n s t i t u t e s  25 t o  50 p e r  c e n t  o f  t h e  t o t a l  amount o f  

S35 accumulated i n  a l c o h o l  s o l u b l e  f r a c t i o n s .  

f r a c t i o n s  by chromatographic and e l e c t r o p h o r e t i c  t e c h n i q u e s  have 

g i v e n  no i n d i c a t i o n  t h a t  such compounds as (1) s u l f o l a c t a l d e h y d e ,  

( 2 )  6 - su l foqu inovose ,  or i t s  g l y c o s i d e  are i n t e r m e d i a t e s  i n  t h e  

b i o s y n t h e s i s  of  t h e  s u l f o l i p i d .  

made by Shibuya e t  a l .  ( S t u d i e s  on Micro Algae and P h o t o s y n t h e t i c  

Bacter ia ,  p. 627, Univ. of  Tokyo P r e s s ,  1963). These mentioned com- 

pounds do n o t  appear  e x c e p t  a f t e r  l o n g  (12-20 hours )  l a b e l i n g  p e r i o d s  

and probably r e p r e s e n t  metabolism o f  ( 1 )  c y s t e i c  a c i d  and ( 2 )  s u l f o -  

l i p i d  i t s e l f .  

- 

35 = 

Examination o f  v a r i o u s  

T h i s  is i n  c o n t r a s t  t o  o b s e r v a t i o n s  



-7- 

A g r e a t  number of c o n d i t i o n s  have been t r i e d  and v a r i e d  i n  
- - 

a n  a t t e m p t  t o  t r a p  p o s s i b l e  i n t e r m e d i a t e s  between SO4 

l i p i d .  Ne have o c c a s i o n a l l y  d e t e c t e d  a compound w i t h  p r o p e r t i e s  

and s u l f o -  

o f  a nuc leos ide  s u g a r  s u l f o n a t e .  

be a key i n t e r m e d i a t e  i n  t h e  o r i g i n a l  proposal .  Other  workers  

T h i s  compound w a s  s u g g e s t e d  t o  

(Shibuya,  e t  a l . ) ,  a t  o u r  s u g g e s t i o n ,  have a l s o  d e t e c t e d  t h i s  com- 

pound b u t  have been s i m i l a r l y  u n s u c c e s s f u l  t o  date i n  i m p l i c a t i n g  

t h i s  compound i n  the  pathway of s u l f o l i p i d  b i o s y n t h e s i s .  

The f a c t  t h a t  we have been unable  t o  r o u t i n e l y  t r a p  t h i s  or 

o t h e r  i n t e r m e d i a t e s  s u g g e s t s  t h a t  the  s u l f o n i c  group may be i n t r o -  

duced d i r e c t l y  i n t o  l i p i d  by condensa t ion  between a c t i v e  s u l f a t e  o r  

s u l f i t e  and a n  anhydroglycol ip id ,  or between s u l f i t e  and a glyco- 

l i p i d  w i t h  a n  a c t i v e  hydrogen fol lowed by o x i d a t i o n .  Experiments 

t o  t e s t  t h e s e  hypotheses  are being pursued. - - - 
C. R e s u l t s  on g204 i n c o r p o r a t i o n  i n t o  phosphat ides  s t r o n g l y  

s u g g e s t  a sequence o f  phosphat ide b i o s y n t h e s i s  s imilar  t o  

t h a t  demonstrated i n  animal  t i s s u e s .  Label ing  o f  i n t e r m e d i a t e s  w i t h  

C14 is i n  p r o g r e s s  t o  confirm and s u b s t a n t i a t e  t h e  f i n d i n g s  o b t a i n e d  

w i t h  P32 l a b e l e d  i n t e r m e d i a t e s .  
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111. Mechanism oi P h o t o s y n t h e t i c  Phosphory la t ion  

C h l o r o p l a s t s  p repa red  and assayed under  c o n d i t i o n s  which 

y i e l d  good rates of p h o t o s y n t h e t i c  phosphory la t ion  have n e g l i g i b l e  

ATPase a c t i v i t y .  

even though favored  by a l a r g e  f r e e  energy change, h a s  been a handi-  

The appa ren t  i r r e v e r s i b i l i t y  o f  t h e  r e a c t i o n ,  

cap i n  s t u d i e s  

Life" ,  McElroy 

have induced a 

on i ts  mechanism. 

and Glass, ed., Johns Hopkins P r e s s ,  Bal t imore ,  1960) 

P e t r a c k  and Lipmann ("Light  and 

l i g h t  dependent h y d r o l y s i s  o f  ATP i n  c h l o r o p l a s t s  by 

i n c l u d i n g  s u l f h y d r y l  compounds i n  t h e  r e a c t i o n  system. We have shown 

t h a t  t h i s  l lphotohydrolys is l l  i s  a c t u a l l y  a p h o t o a c t i v a t i o n  o f  ATPase 

a c t i v i t y .  

a r e  low l i g h t  i n t e n s i t i e s  and t h e  p re sence  of -SH compounds. 

r equ i r emen t s  f o r  development of ATPase a r e  mi ld  and t h u s  t h e  r e a c t i o n  

may conce ivably  occur  i n  vivo. The dephosphoryla t ion  h a s  pa rame te r s  

which a r e  bo th  similar t o ,  and o p p o s i t e  from, p h o t o s y n t h e t i c  phosphoryla-  

t i o n  and hence undoubtedly r e f l e c t  a r e v e r s a l  o f  a t  l eas t  a p o r t i o n  of 

t h e  phosphory la t ion  sequence. 

The c o n d i t i o n s  r e q u i r e d  f o r  development of  t h e  a c t i v i t y  

The 

The o v e r a l l  pathway l e 6 d i n g  t o  ATPase a c t i v i t y  is complex, s i n c e  

a c t i v a t i o n  and h y d r o l y s i s  a r e  separate  r e a c t i o n s  and respond d i f f e r e n t l y  

t o  v a r i o u s  t r ea tmen t s .  For i n s t a n c e ,  t h e  a c t i v a t i o n  of h y d r o l y t i c  

a c t i v i t y  is i n h i b i t e d  by ammonia (an uncoupler  o f  p h o t o s y n t h e t i c  

phosphory la t ion )  b u t  t he  h y d r o l y s i s  ra te  i s  enhanced by t h e  same com- 

pound. Our r e s u l t s  may be summarized as fo l lows:  Two ATPase a c t i v i -  

t i e s  may be  developed wi th  FMN (I) o r  ATP (If) in t h e  l i g h t .  

decays  much more r a p i d l y  i n  t he  dark and may be r e a c t i v a t e d  by a d d i t i o n a l  

exposure.  System I1 i s  enhanced by ammonia g iven  i n  t h e  dark: system I 

System I 
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is inhibited. Both systems are destroyed by sonic oscillation or 

treatment with detergents. System I is activated by short wavelength 

light, in common with FMN mediated phosphorylation, while system I1 

is long wavelength activated. 
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IV. I n t e r a c t i o n  o f  R e s p i r a t i o n  and P h o t o s y n t h e s i s  

The c e l l u l a r  ?recesses of p h o t o s y n t h e s i s  and r e s p i r a t i o n  

have g e n e r a l l y  been presumed t o  a c t  independen t ly .  Conversion 

of carbon d iox ide  t o  s t a r ch  has been a c c e p t e d  as the p h o t o s y n t h e t i c  

p r o c e s s  and the ca t abo l i sm of t h i s  s t a r c h  as  t h e  r e s p i r a t o r y  energy  

supply  f o r  c e l l  growth. E l a b o r a t i o n  o f  t he  i n t e r m e d i a t e s  i n  carbon 

d i o x i d e  r e d u c t i o n  and t h e  r educ ing  power f o r  t h i s  p r o c e s s  p o i n t e d  

up t h e  f a c t  t h a t  n o t  one of t h e s e  compounds was unique f o r  photosynthe-  

sis, b u t  t h a t  all i n t e r m e d i a t e s  i n  p h o t o s y n t h e s i s  a r e  a l s o  i n t e r m e d i a t e  

compounds i n  r e s p i r a t i o n ,  Complete s e p a r a t i o n  of t h e  two p r o c e s s e s ,  

even  though they  o c c u r  i n  d i f f e r e n t  o r g a n e l l e s  w i t h i n  t h e  c e l l ,  would 

t h e r e f o r e  appear  u n l i k e l y .  A w e l l  known example of metabol ic  i n t e r -  

a c t i o n  i s  t h e  P a s t e u r  e f f e c t .  

The f i r s t  evidence f o r  such a n  i n t e r a c t i o n  between photosyn- 

t h e s i s  and r e s p i r a t i o n  came from the  work o f  Weigel, e t  a l .  0. Am. 

Chem. SOC. a, 5058 (195113 and Brown and de iss  (Plant Phys io l .  34, 

224 (1959)) who found CO product ion  t o  be i n h i b i t e d  d u r i n g  i l l u m i -  

n a t i o n .  %'e have examined the  e f f e c t  of  i l l u m i n a t i o n  OK oxygen up- 

take and product ion  i n  g r e e n  and blue-green a l g a e  u s i n g  a s e n s i t i v e  

mass s p e c t r o m e t r i c  method. The r e s u l t s  showed two effects-- i .e . ,  l i g h t  

e i t h e r  decreased  o r  i n c r e a s e d  oxygen uptake depending upon t h e  wave- 

l e n g t h  o f  e x c i t i n g  l i g h t .  

c h l o r o p h y l l  a ,  uptake  was diminished;  i f  a b s o r p t i o n  w a s  by a c c e s s o r y  

pigments ,  oxygen uptake i n c r e a s e s .  However, i n  both c a s e s  C02 pro- 

d u c t i o n  decreased.  The analogy t o  t h e  P a s t e u r  e f f e c t  is v e r y  good: 

2 

I f  t he  l i g h t  w a s  absorbed p r i m a r i l y  by 
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P h o t o s y n t h e s i s  is t o  r e s p i r a t i o n  as r e s p i r a t i o n  i s  t o  f e rmen ta t ion .  

The response of oxygen uptake t o  mixed l i g h t  beams of  v a r i o u s  

c o l o r s  and t o  i n h i b i t o r s  h a s  been s t u d i e d  t o  determine t h e  mechanism 

by which t h i s  o x i d a t i o n  r e a c t i o n  occurs .  For  i n s t a n c e ,  a d d i t i o n  o f  

s u p p r e s s o r  l i g h t  ( c h l o r o p h y l l  ) r e s u l t s  i n  a dec rease  i n  a c c e l e r a t e d  

oxygen uptake caused by a c c e s s o r y  pigment i l l u m i n a t i o n .  These re-  

s u l t s  i n d i c a t e  both s u p p r e s s i o n  and a c c e l e r a t i o n  r e s u l t  from a n  ex- 

c e s s  o f  one o r  t h e  o t h e r  photoact .  They a l s o  p rov ide  a n  i n t e r p r e t a -  

t i o n  of Emerson's o b s e r v a t i o n  t h a t  "enhancement" was some times nega- 

t i v e  . 

1 

P r e s e n t  work i s  d i r e c t e d  toward u n d e r s t a n d i n g  t h e  mechanism 

of p h o t o s y n t h e t i c  c o n t r o l  o f  r e s p i r a t i o n .  

A r e c e n t  p u b l i c a t i o n ,  d e s c r i b i n g  t h e  s p e c i a l  a866 s p e c t r o m e t r i c  

method used i n  t h e s e  s t u d i e s ,  may be found i n  Hoch and Kok [Archives 

of Biochemistry and Biophys ics  101, 160-170 ( 1963 >I. 
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V. S t u d i e s  of  E l e c t r o n  P a r a  Maxnetic Resonance S i g n a l s  

We have con t inued  measurements o f  EPR s i g n a l s  i n  p h o t o s y n t h e t i c  

t i s s u e  i n  c o l l a b o r a t i o n  w i t h  D r .  H. Beine r t .  T h i s  work began about  

a y e a r  ago. 

induced  s p i n  s i g n a l  w i th  o u r  p h o t o c a t a l y s t  P700. 

'1Ye have a t tempted  f i r s t l y  t o  i d e n t i f y  t h e  photochemica l ly-  

The k i n e t i c s  o f  

t h e  format ion  o f  t h e s e  s p i n  s i g n a l s  d i d  r a t h e r  p r e c i s e l y  match t h e  

e x p e c t a t i o n  f o l l o w i n g  t h i s  hypothes is .  Secondly,  t h e  much more 

d i f f i c u l t  task was t o  make q u a n t i t a t i v e  measurements o f  t h e  maximum 

number of s p i n s  p e r  number of c h l o r o p h y l l  molecules  i n  t h e  Sample. 

Absolute  measurements of t h e  s p i n  signals are n o t  easy ,  and we have 

c o l l e c t e d  a number o f  d a t a  at s e v e r a l  d i f f e r e n t  o c c a s i o n s  w i t h  l i v e  

m a t e r i a l  c h l o r o p l a s t s  o r  p r e p a r a t i o n s  e n r i c h e d  in P700. The l a s t  

s e r i e s  of  measurements was done wi th  two i n s t r u m e n t s ,  one i n  t h e  

K e t t e r i n g  Foundat ion,  Yellow S p r i n g s ,  Ohio, t h e  o t h e r  i n  Wisconsin. 

Accuracy and c o n s i s t e n c y  seem6 now g r e a t  enough t o  war ran t  a f i n a l  

p a p e r  which shou ld  fo l low ,the two n o t e s  p u b l i s h e d  b e f o r e .  The 

r e s u l t  can be summarized t h a t  we f e e l  t h a t  t h e r e  is a d e f i n i t e  cor-  

r e l a t i o n  between P700 and t h e  photo-induced s p i n  s i g n a l .  The r a t i o  

between t h e s e  i s  0.3-0.5 and we a r e  ponder ing  t h e  p o s s i b l e  s i g n i f i -  

cance o f  t h i s  r a t i o .  E i t h e r  we have assumed t h e  wrong molar e x t i n c -  

t i o n  f o r  P7OO (we used  t h e  same e x t i n c t i o n  as t h a t  of c h l o r o p h y l l  

and t h e r e  i s  no n e c e s s i t y  t o  adhere  t o  t h i s ) ,  o r  a more i n t r i g u i n g  

p o s s i b i l i t y  is t h a t  upon photo-oxida t ion  of P7OO n o t  one,  b u t  two 

s p i n  s i g n a l s  a r e  generated--one by t h e  "hole", t h e  o t h e r  by t h e  

"e l ec t ron" .  However, t h i s  is e n t i r e l y  s p e c u l a t i o n  and measurements 

o f  a n o t h e r  t ype  have been designed t o  dec ide .  
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V I .  The Role o f  Cytochrome f and o f  P l a s t o c y a n i n  i n  P h o t o s y n t h e s i s  

C h l o r o p l a s t s  which have been t r e a t e d  wi th  d e t e r g e n t  or have 

been e x t r a c t e d  with aqueous acetone w i l l  no l o n g e r  evo lve  oxygen 

or s u s t a i n  a n e t  r a t e  of dye or TPN pho to reduc t ions .  They w i l l ,  

however, photo-oxidize a number o f  materials, one of  which is cy to -  

chrome c a s  was found f irst  by Vennesland and co-workers. 'de have 

s t u d i e d  t h i s  p r o c e s s  i n  some d e t a i l .  We measured t h e  a c t i v a t i o n  

s p e c t r a  which i n d i c a t e d  " long wave" c h l o r o p h y l l  as  t h e  s e n s i t i s e r .  

We a l s o  found evidence t h a t  P700' is  t h e  pr imary donor o f  t h e  e l e c -  

t r o n  t o  cytochrome C. We observed t h a t  cytochrome c o x i d a t i o n  is 

s t i m u l a t e d  by the a d d i t i o n  o f  a low p o t e n t i a l  redox a g e n t  such as 

methyl  viologen.  More i n t r i g u i n g  w a s  t h a t  o u r  p u r i f i c a t i o n  o f  what 

Vennesland e t  a l .  had c a l l e d  a "cytochrome c photo-oxidase" r e v e a l e d  

t h a t  t h i s  enzyme was i d e n t i c a l  w i t h  " p l a s t o c y a n i n , t t  a copper  c o n t a i n -  

i n g  enzyme r e c e n t l y  i s o l a t e d  from c h l o r o p l a s t  by Katoh. I n  t h e  p re -  

s e n c e  o f  p l a s t o c y a n i n ,  cytochrome c photo-oxidat ion car, proceed a t  

ra tes  much f a s t e r  t han  normal r e d u c t i o n  rates i n  c h l o r o p l a s t  reac- 

t i o n s .  de found t h a t  cytochrome f (p repa red  from Euglena) w a s  near-  

l y  as e f f i c i e n t  a mediator.  I n  t h e  presence of  such a c a t a l y s t  t h e  quantum 

y i e l d  of  t h i s  o x i d a t i o n  could approach 1. Other  k i n e t i c  f e a t u r e s  

o f  t h i s  system a;peared i n t e r e s t i n g .  The temperature  e f f e c t  proved 

t o  be very small indeed ,  which might i n d i c a t e  t h a t  t h e  rate l i m i t i n g  

s t e p  should  be sough t  i n  a charge t r a n s f e r  r e a c t i o n  between two com- 

ponents  on t h e  c h l o r o p l a s t  ma t r ix  v i z .  P700 and cytochrome f. The 



same w a s  i n d i c a t e d  by t h e  o b s e r v a t i o n  t h a t  the quantum y i e l d  of 

tfie Photo-oxida t ionof  cytochrome f (used as a s u b s t r a t e  r a t h e r  t h a n  

a c a t a l y s t )  w a s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  redox state of  c y t o -  

chrome f i n  t h e  system. !Je f e e l  t h e s e  s t u d i e s ,  t o  appear  soon i n  

p r e s s ,  have y i e l d e d  more i n s i g h t  i n  t h e  f i r s t  p h o t o r e a c t i o n  of 

pho tosyn thes i s .  P o i n t s  which need f u r t h e r  e l u c i d a t i o n  are t h e  

s t i m u l a t i o n  by f l a v i n  o r  viologen and t h e  role o f  p l a s t o c y a n i n  i n  

complete pho tosyn thes i s .  We cannot h e l p  wondering abou t  t h e  ana- 

l o g y  between cytochrome oxidase i n  r e s p i r a t i o n  and t h e  h i g h  p o t e n t i a l  

heme and copper enzymes ( c y t .  f and p l a s t o c y a n i n )  i n  photosynthes is .  
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VII. E l e c t r o n  T r a n s p o r t ,  I n t e r a c t i o n  Between t h e  Two P h o t o a c t s  

Using s e n s i t i v e  d i f f e r e n c e  spec t roscopy ,  we have pursued  o u r  

exper iments  about  t h e  l o c i  where t h e  pr imary o x i d o - r e d u c t i o n s  i n  

p h o t o s y n t h e s i s  t a k e  p l ace .  

format ion  o f  two photo- reductan ts  made by t h e  two pho to -ac t s ,  one of 

a medium and t h e  o t h e r  of a low redox p o t e n t i a l .  O f  c o u r s e ,  a low 

p o t e n t i a l  r e d u c t a n t  must be formed, o t h e r w i s e  we would never  o b s e r v e  

t h e  r e d u c t i o n  o f  TPN, viologen,  e t c .  Also a medium p o t e n t i a l  r e d u c t -  

ant must be  formed, o r  we would n o t  see r e d u c t i o n  o f  P700 by t h e  

second pho toac t .  The q u e s t i o n  is, can t h i s  medium p o t e n t i a l  r e d u c t a n t  

The p r e s e n t l y  most p o p u l a r  t h e o r y  assumes 

I 
(E 

been proposed,  ( W i t t ,  Arnon), t h a t  indor,henol dye is reduced by t h i s  

< +  0.43 v o l t )  o p e r a t e  with e x t e r n a l  s u b s t r a t e s .  It a c t u a l l y  h a s  
0 

h y p o t h e t i c a l  weak r e d u c t a n t .  We have been a b l e  to  show t h a t  a t  l e a s t  

under  normal c o n d i t i o n s  r e d u c t i o n  o f  t h i s  dye o c c u r s  v i a  t h e  s t r o n g  

r e d u c t a n t  o f  t h e  f i r s t  pho toac t .  Experiments made i n  l o n g  wavelength 

l i g h t  (which does n o t  s e n s i t i z e  t h e  second p h o t o a c t )  and i n  t h e  

p r e s e n c e  of  t h e  poison  DCMU (which k i l l s  t h e  second p h o t o a c t )  showed 

t h a t  t h e  dye is st i l l  reduced w i t h  good y i e l d  and ra te .  These obser -  

v a t i o n s  t o g e t h e r  w i t h  s t u d i e s  o f  o t h e r  c h l o r o p l a s t  o x i d a n t s  may have 

f u r t h e r  consequences.  One of t h e s e  conce rns  t h e  s i t e  of  photophos- 

p h o r y l a t i o n .  They p o i n t  t o  t h e  p o s s i b i l i t y  t h a t  t h i s  l o c u s  i s  at t h e  

s u b s t r a t e  (low p o t e n t i a l )  l e v e l  r a t h e r  t han ,  as i s  g e n e r a l l y  assumed, 

a t  t h e  cytochrome ( b - f )  l e v e l .  

more d e c i s i v e  experiments  concerning t h i s  p o i n t .  Q u i t e  i n t e r e s t i n g  

A t  t h i s  moment we are t r y i n g  t o  d e s i g n  

r e s u i t s  are b e i n g  o b t a i n e d  i n  exper iments  w i t h  a mutant o f  t h e  g r e e n  

a l g a e ,  Scenedesmus. While v i s i t i n g  us f o r  some j o i n t  mass s p e c t r o m e t e r  

expe r imen t s ,  D r .  Norman Bishop ( F l o r i d a  S t a t e  U n i v e r s i t y )  brought  along 
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t h i s  mutant (#8) which i s  i n c a p a b l e  o f  r e d u c i n g  carbon d i o x i d e  o r  

evo lv ing  hydrogen b u t  can s t i l l  reduce  benzoquinone w i t h  t h e  concomi- 

tant e v o l u t i o n  o f  oxygen. We have i n v e s t i g a t e d  t h i s  mutant and found 

t h a t  i t  d i d  n o t  show any tu rnove r  of P700. This  i s  c o n s i s t e n t  w i t h  

D r .  E. Weaver's f i n d i n g  t h a t  t h i s  mutant does  n o t  show t h e  e l e c t r o n  

s p i n  s i g n a l  which w e  have i d e n t i f i e d  w i t h  P700. Our  v a r i o u s  o t h e r  

measurements w i th  t h i s  p e c u l i a r  mutant concern ing  i ts  f l u o r e s c e n c e  

and a b s o r p t i o n  p r o p e r t i e s  may r e s u l t  i n  a b r i e f  paper .  

So f a r  we have been r a t h e r  u n s u c c e s s f u l  i n  o u r  a t t e m p t s  t o  

e l u c i d a t e  t h e  r o l e  o f  cytochromes i n  p h o t o s y n t h e t i c  e l e c t r o n  t r a n s p o r t .  

E i t h e r  t h e i r  r o l e  is l i m i t e d  o r  ( t h e s e  I n t e r m e d i a t e s )  ( c y t .  f >  r e a c t  

so f a s t  t h a t  t hey  escape  o u r  p r e s e n t  d e t e c t i o n  method ( t i m e  r e s o l u t i o n  

loo3 s e c . ) .  

summer, h a s  many t e c h n i c a l  f e a t u r e s  n o t  shown by our e a r l i e r  equipment,  

b u t  some o f  t h e s e  cannot  y e t  be f u l l y  u t i l i z e d  u n t i l  we f u r t h e r  improve 

t h e  s i g n a l - t o - n o i s e  r a t i o .  A more s e r i o u s  l i m i t a t i o n  o f  ou r  p r e s e n t  

equipment,  which u t i l i z e s  mechanical  l i g h t  s h u t t e r s ,  r e s t s  in t h e  

tremendous v e l o c i t y  w i t h  which t h e  i n i t i a l  pho toprocesses  appea r  t o  

occur .  We a r e  p r e s e n t l y  des ign ing  a method which, i f  s u c c e s s f u l ,  might 

Our new d i f f e r e n c e  a p p a r a t u s ,  which was completed last  

b r i n g  t ime r e s o l u t i o n  down t o  loo6 seconds  or b e t t e r .  
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V I I I .  P u r i f i c a t i o n  of P h o t o - c a t a l y s t  P700 

We have under taken  some renewed a t t e m p t s  t o  f u r t h e r  p u r i f y  

P7OO. S t a r t i n g  from sp inach  and blue-green algae, we used v a r i o u s  

o r g a n i c  s o l v e n t s  f o r  primary e x t r a c t i o n s  t o  remove as much l i p i d  

material  as p o s s i b l e ,  we have worked wi th  ace tone  and o t h e r  more 

and l e s s  p o l a r  s o l v e n t s  t o  d i f f e r e n t i a l l y  remove t h e  bulk  ch loro-  

p h y l l  o v e r  P7OO. We have surveyed a number o f  d e f i c i e n t  pigment 

algae mutants  and a l though  s e v e r a l  o f  t h e s e  d i d  n o t  show any P700 

a t  a l l ,  we have n o t  y e t  come a c r o s s  one which showed a p a r t i c u l a r l y  

r i c h  amount o f  i t .  We have i n v e s t i g a t e d  a number o f  l e a v e s  some of 

which were very p a l e ,  b u t  none o f  t h e s e  showed a h i g h e r  t han  normal 

c o n t e n t  o f  P700. 

i n  c h l o r o p h y l l a s e ,  showed no advantage.  Ye s t i l l  f e e l  the  problem 

Also t h e  use o f  U r t i c a  and H e l i a n t h u s  l e a v e s ,  r i c h  

i s  i m p o r t a n t  enough t o  be pursued i n  the f u t u r e  and are convinced 

t h a t  sooner  or l a t e r  we w i l l  f i n d  a n a t u r a l  material o r  a mutant  

much e n r i c h e d  i n  P700; 



I X .  Fluorescence  S t u d i e s  
, 

One o f  o u r  s t u d i e s  concerned t h e  f l u o r e s c e n c e  y i e l d  as a 

f u n c t i o n  o f  i n t e n s i t y  at room tempera tu re  in f r e s h  c h l o r o p l a s t s .  

I n  such  c h l o r o p l a s t s  t h e r e  is  a d i s t i n c t  "competit ion' '  between t h e  

r e d u c t i o n  of  s u b s t r a t e  and loss o f  l i g h t  as f l u o r e s c e n c e ,  &.e., 

l i g h t ,  i f  i t  cannot  be  used i n  photochemis t ry ,  can escape  p a r t l y  as 

f l u o r e s c e n c e .  F luo rescence ,  t h e r e f o r e ,  is a good i n d i c a t o r  of 

e l e c t r o n  t r a n s p o r t .  It was proposed e a r l i e r  (1952) by Duysens t h a t  

i n  g reen  c e l l s  f l u o r e s c e n c e  o r i g i n a t e s  mainly from pigment connec ted  

t o  t h e  second pho to reac t ion .  Though our data g r o s s l y  confirmed t h i s  

s t a t e m e n t ,  we were puzz led  by i t s  p o s s i b l e  s i g n i f i c a n c e .  One o f  t h e  

r e a s o n s  f o r  t h i s  i s  t h a t  p u r p l e  sulfur b a c t e r i a ,  which do n o t  seem 

t o  have a second p h o t o a c t  i n  the  same sense 88 green  p l a n t s ,  2 
f l u o r e s c e  and t h e  i n t e n s i t y  is a n t i - p a r a l l e l  w i t h  s u b s t r a t e  r e d u c t i o n .  

Emission and e x c i t a t i o n  s t u d i e s  i n  samples  o f  v a r i o u s  a l g a e  and 

c h l o r o p l a s t s  at t h e  tempera ture  o f  l i q u i d  n i t r o g e n  appear  t o  y i e l d  

a t  l e a s t  p a r t i a l  answers.  We have come a c r o s e  an undesc r ibed  f l u o r e s -  

cence  band l o c a t e d  a t  698 mu, w h i c h , o c c u r s  on ly  a t  very low tempera- 

t u r e s  ( < -150OC). T h i s  emission proved t o  be o f  p a r t i c u l a r  i n t e r e s t  

because  even at t h i s  low tempera ture  i t  r e q u i r e d  l i g h t  t o  be a c t i v a t e d ,  

meaning t h a t  a t r u e  photochemical  even t  i s  be ing  observed.  P r e s e n t l y ,  

we a r e  making q u a n t i t a t i v e  s t u d i e s  of t h i s  "de t rappingt t  at low tempera- 

t u r e  and t r u s t  t h i s  w i l l  y i e l d  impor t an t  i n f o r m a t i o n  concern ing  quantum 

f low and pigment i n t e r a c t i o n .  
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